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Abstract 15 

This paper utilizes a CFD approach to study the ignition of pulverized biomass particles. Ignition is a 16 

critical parameter in a reactor’s design and process efficiency, and a reliable and relatively quick method 17 

of its determination is a necessity. CFD is a well-established tool that has already proved credible in 18 

many combustion/gasification applications, and for that reason, its application in ignition-related studies 19 

should be paramount. In this research, an Eulerian-Lagrangian approach is used where key stages 20 

during biomass combustion such as inert heating, evaporation, devolatilization, gas-phase kinetics, char 21 

conversion, particle transport, and radiative transport are considered. The predictions of the model are 22 

verified against experimentally measured ignition data from the literature and are found to be in good 23 

agreement. The ignition delay is determined by monitoring the concentrations of OH (hydroxyl) and CH 24 

(methyl) radicals. It is concluded that using OH species as ignition indicator allowed reproducing the 25 
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delay better for lower temperatures, whereas, for temperatures above 1600K, CH species was found to 26 

be more accurate. The CFD approach was eventually found reasonable and relatively fast in ignition 27 

delay predictions enabling its wider use in industrial applications. 28 

Keywords: Biomass ignition; CFD; Ignition delay; Combustion 29 

Abbreviations 30 

C2SM: Competing two step reaction model (Kobayashi model) 31 

CFD: Computational Fluid Dynamics 32 

DAE: Distributed Activation Energy 33 

DAF: Dry-ash-free 34 

DNS: Direct Numerical Simulation 35 

DO: Discrete ordinate method 36 

 37 

Nomenclature 38 

𝐴: Pre-exponential factor (unit depends on the reaction order) 39 

𝐴0 – particle external surface area (m2) 40 

Ap: particle surface area (𝑚2) 41 

𝐶𝐷: drag coefficient (-) 42 

𝐶1 – an overall mass diffusion-limited constant (the default value: 5 ⋅ 10−12 sK-0.75) 43 

cp: specific heat (J/kg K) 44 

𝐷𝑖: mass diffusion coefficient of species i (m2/s) 45 

𝑑𝑝 – particle diameter (m) 46 

E: Activation Energy (J/ mol) 47 

𝑔: gravitational acceleration (m/𝑠2) 48 

G – incident radiation (W/m2) 49 

ℎ: coefficient of convective heat transfer (W/ 𝑚2𝐾) 50 

Δℎ𝑒𝑣𝑎𝑝: enthalpy of evaporation (J/kg) 51 

Δℎ𝑑𝑒𝑣𝑜𝑡: enthalpy of devolatilization (J/kg) 52 
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Δℎℎ𝑒𝑡: enthalpy from heterogeneous reactions (J/kg) 53 

ℎ𝑓𝑔 – latent heat (J/kg) 54 

𝐻𝐶−𝑂2
, 𝐻𝐶−𝐶𝑂2

, 𝐻𝐶−𝐻2𝑂 – heat from the surface reactions (J/kg) 55 

I – radiation intensity 56 

ka – absorption coefficient (1/m) 57 

𝑁𝑝 – number of particles (-) 58 

𝑛̂ – normal vector to the surface (-) 59 

P – pressure (Pa) 60 

𝑄𝐺- in the energy equation in the particle phase, it is heat from surface reactions (during particle 61 

surface combustion) and heat of vaporization (during particle evaporation) 62 

𝑅𝑗 – rate of creation/destruction of species from surface reactions (kg/s) 63 

s – beam direction considering radiation (-) 64 

Sh: Sherwood number (-) 65 

𝑆𝑝,𝑌: source term due to inter-phase exchange in species(kg/𝑚3𝑠) 66 

𝑆𝑝,𝑚𝑜𝑚: inter-phase exchange term for momentum (kg/𝑚2𝑠2) 67 

𝑆𝑝,𝑚: inter-phase exchange term for mass (kg/𝑚3𝑠) 68 

𝑆𝑝,ℎ: inter-phase exchange term for energy(kg/𝑚𝑠3) 69 

𝑆𝑟𝑎𝑑: source term due to radiation in gas-phase energy equation (kg/𝑚𝑠3) 70 

𝑆ℎ: source term due to homogeneous reactions in gas-phase energy equation (kg/𝑚𝑠3) 71 

T – gas temperature (K) 72 

𝑇𝑝 – particle temperature (K) 73 

𝑣: gas velocity (m/s) 74 

𝑣𝑝 – particle velocity (m/s) 75 

𝑉𝑐𝑒𝑙𝑙 – cell volume (m3) 76 

Y – local mass fraction of the species (-) 77 

 78 

Greek nomenclature 79 
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𝛼1: final volatile yield at low temperatures (-) 80 

𝛼2: final volatile yield at high temperatures (-) 81 

𝜆: thermal conductivity (W/m K) 82 

𝛿𝑖𝑗: Kronecker delta 83 

𝜇: dynamic viscosity (kg/m s) 84 

𝜌 – gas density (kg/m3) 85 

𝜌𝑝 – particle density (kg/m3) 86 

𝜎: Stefan-Boltzmann constant (W/𝑚2 𝐾4) 87 

𝜂𝑟 – the effectiveness factor (-) 88 

 89 

 90 

1. Introduction 91 

Ignition of biomass is a key parameter for a reactor’s design, determining its optimum and safe operation, 92 

but also critical for fuel storage, transport, and handling, as biomass fuels tend to exhibit a high 93 

inclination toward self-heating, and consequently, self-ignition [1–3]. With respect to the reactors’ 94 

operation, effective ignition can directly affect flame stability, pollutant formation, and combustion 95 

efficiency. However, ignition parameters such as ignition delay, ignition temperature, or ignition 96 

mechanism strongly depend on the fuel properties and the operating reactor’s conditions thus making 97 

them extremely difficult to correctly predict [4]. Moreover, there is still no consensus concerning the 98 

criteria for identifying the moment of ignition. Research attempts have been made to experimentally 99 

define the moment of ignition in terms of the visible light signal [5–8], chemiluminescence emission 100 

[9,10], or OH- radicals [11,12]. Numerically, the moment of ignition was often defined with regard to CH 101 

or CO mass fractions [13], partial derivatives of gas and particle temperatures with respect to time [14], 102 

OH mass fraction [15], and a specific threshold of volatiles evolved [16]. It was reported that ignition 103 

delay can be evaluated based on the percentage loss of carbon and volatiles during combustion[17]. As 104 

a result, one can observe that such divergent measurement methods make it extremely difficult to 105 

standardize the ignition characteristics, and still more research is required in this field. In general, the 106 

ignition of solid fuels can be divided into three categories: (a) homogeneous ignition, where volatiles 107 
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ignite around the particle as oxidizer does not reach the particle surface; (b) heterogeneous ignition, 108 

where the particle is directly exposed to and in contact with oxidizer; and (c) hetero-homogeneous 109 

ignition, where ignition takes place simultaneously in the surrounding gas and at the particle surface. 110 

High-volatile coals and biomass fuels usually undergo homogeneous ignition, whereas low-volatile 111 

coals, chars, and metals mostly undergo heterogeneous ignition. In biomass homogeneous ignition, 112 

inert heating, evaporation, and devolatilization are mostly impactful combustion sub-stages. The 113 

particle’s heat capacity, density, size, and shape would determine the rate of initial inert heating. There 114 

are two general modeling approaches of inert heating that have been reported. The first approach 115 

assumes the particle to be spherical and isothermal. An isotherm assumption is generally valid for low 116 

Biot numbers and pulverized particles. The second approach considers thermal gradients within 117 

particles [18], which should be applicable for particles larger than 200-300 µm [19]. In reality, the 118 

particle’s morphological structure affects the rate at which water droplets migrate to the particle surface. 119 

Nowadays, evaporation is assumed to take place at the particle surface neglecting the morphology. 120 

There are several one-step models applied in the literature: the heat flux model [19,20], the equilibrium 121 

model [21], and the chemical reaction model [21]. In the heat flux model, the evaporation process is 122 

governed by the heat transfer to the particle, along with mass transfer inside the particle. In the chemical 123 

reaction model, the drying rate is described as a temperature-dependent Arrhenius relation. The rate of 124 

devolatilization and the yielding instantaneous species consisting of a mixture of CO, H2, H2O, 125 

hydrocarbons, tars with some other residuals, and the simultaneously occurring gas-phase reactions 126 

ultimately affect the occurrence of a homogeneous ignition. Currently, biomass devolatilization is 127 

commonly modeled as the weighted sum of the reference components (cellulose, hemicellulose, lignin) 128 

[22] where a hypothesis of non-interaction between them is generally assumed.  129 

The commonly utilized biomass devolatilization models consist of global and detailed approaches. The 130 

global approaches, such as SFOR [23–26], C2SM  [25], or DAE model [27], are easy to implement and 131 

have an associated reduced computational cost. The detailed approaches, such as FG-DVC [28] /FG-132 

Biomass [29], Bio-CPD [30,31], Bio-Flashchain [32–35], and the Ranzi’s mechanism [36–38], are much 133 

more complex in nature as they refer directly the fuel structure. The effect of devolatilization models was 134 

found to be essential in ignition delay studies [14]. Apart from devolatilization, the impact of gas-phase 135 

modeling was also found to be important in evaluating the ignition characteristics [14]. The most popular 136 

approaches involve one-point statistics with the application of PDF function, geometrical analysis with 137 
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flamelet assumptions, and turbulent mixing, where either global reactions or radical mechanisms, such 138 

as GRI-Mech [39] and CRECK [40–43]  are utilized [44].  139 

The rate and magnitude of all the above-mentioned combustion stages are additionally governed by the 140 

heating rate. Therefore, for an accurate simulation of ignition-related combustion characteristics, a 141 

complex modeling framework is required that would thoroughly account for the kinetic and diffusion 142 

effects including most of the aforementioned combustion sub-stages [45].  143 

The determination of ignition delay by experimental techniques is very often time-consuming and 144 

restricted by access to highly specialized facilities and equipment. Numerical simulations, which are 145 

commonly applied in the field of combustion/gasification of solid fuels [45–49], can offer a reliable and 146 

time-saving alternative. For example, Niksa [16] integrated the detailed bio-Flashchain (bio-FC) 147 

devolatilization model [35] and the carbon burnout kinetic model for oxidation (CBK/E) [50] to predict the 148 

ignition-related combustion characteristics of pulverized biomass. Fatehi et al. [13] developed a one-149 

dimensional model to identify the ignition mechanism and ignition delay of pulverized biomass particles. 150 

Zhang et al. developed a transient ignition and combustion model and proposed new ignition criteria 151 

[51]. Flamelet-based models were also successfully employed in ignition studies by Refs. [52–55]. Rieth 152 

et al. [56,57] applied a first-of-its-kind carrier-phase direct numerical simulation (DNS) of biomass 153 

combustion in a turbulent mixing layer, to determine the devolatilization rate and ultimate products from 154 

primary devolatilization. Mularski et al. [58] developed a 0-D modeling framework of pulverized biomass 155 

ignition that considered devolatilization and gas-phase models. Goshayeshi and Sutherland investigated 156 

the effect of different devolatilization models and gas-phase mechanisms on ignition [14]. Li et al. [59] 157 

applied machine learning architectures to study ignition. All studies report an acceptable agreement as 158 

regards the ignition delay.  159 

Most of the published papers that investigate ignition numerically are characterized either with simplified 160 

modeling methods or very complex tools such as LES or DNS. The aim of the current research is to 161 

utilize CFD modeling tools oriented toward ignition determination that would account for most of the 162 

phenomena occurring at the very first instances of combustion and which would be cost-effective 163 

allowing for a relatively fast determination of ignition characteristics. 164 
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2. Numerical modeling 165 

2.1 Overview 166 

This section presents the structure of the modeling framework that was used as part of the CFD software 167 

ANSYS Fluent 2023 [60] to study biomass ignition behavior.  The key model assumption is that biomass 168 

ignition is homogeneous, particles are pulverized, and the flow is laminar. The ignition mode and particle 169 

size are dictated by the model sequentiality. In the CFD model, char conversion is set to occur only after 170 

devolatilization. It results in the model’s inability to predict heterogeneous or homo-heterogeneous 171 

ignition, where particle surface ignites during or even before devolatilization. However, numerous 172 

studies have proven that pulverized biomass particles tend to ignite homogeneously [6,13,61]. The 173 

reason for studying only pulverized fuels is that for larger particle sizes, the sequentiality of the 174 

combustion sub-stages becomes invalid as the moisture release, devolatilization, and char conversion 175 

tend to occur simultaneously and simply overlap [13]. Moreover, for larger particles, intraparticle heat 176 

transfer becomes impactful and, as a result, one cannot assume uniform particle temperature. The 177 

model also assumes particles to be spherical. The literature indicates [13,61] that non-spherical particles 178 

have a much higher propensity to ignite heterogeneously than spherical ones. However, since the model 179 

cannot predict this kind of ignition mode, the effect of non-sphericity cannot be effectively investigated. 180 

The shape of particles might affect the initial heating and the resulting heating rate acting on a particle 181 

could affect the ignition delay, but these aspects will simply not be investigated in this research.   182 

With respect to the numerical methods, the Direct Numerical Simulation (DNS) was solved on a 2D 183 

structured mesh applying a finite volume discretization approach. The numerical grid was 100 x 2000 184 

cells. The pressure-based solver was used. The SIMPLE [62] algorithm was utilized for pressure-velocity 185 

coupling. The convective fluxes in transport equations and the pressure gradient were discretized with 186 

second-order upwind schemes. The cell-based weighted-sum of gray-gas (WSGG) model is used for 187 

the calculation of the gas absorption coefficient. More details can be found in [60]. 188 

 189 

2.2 Modelling framework 190 

2.2.1 Gas phase 191 
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The general steady-state conservation equations in the Eulerian frame of reference for mass, 192 

momentum, energy, and for the species were solved for gas phase and laminar flow. They are as 193 

follows: 194 

𝜕

𝜕𝑥𝑖
(𝜌𝑣𝑖) = 𝑆𝑝,𝑚 

 

(2.1) 

𝜕

𝜕𝑥𝑖
(𝜌𝑣𝑖𝑣𝑗) = 𝜌𝑔𝑗 −

𝜕𝑃

𝜕𝑥𝑗

+
𝜕

𝜕𝑥𝑖
(𝜇 (

𝜕𝑣𝑖

𝜕𝑥𝑗

+
𝜕𝑣𝑗

𝜕𝑥𝑖

−
2

3
𝛿𝑖𝑗

𝜕𝑣𝑘

𝜕𝑥𝑘

)) + 𝑆𝑝,𝑚𝑜𝑚 

 

(2.2) 

𝜕

𝜕𝑥𝑖
(𝜌𝑐𝑝𝑣𝑖𝑇) =

𝜕

𝜕𝑥𝑖
(𝜆

𝜕𝑇

𝜕𝑥𝑖
) + 𝑆𝑟𝑎𝑑 + 𝑆ℎ + 𝑆𝑝,ℎ 

 

(2.3) 

𝜕

𝜕𝑥𝑖
(𝜌𝑣𝑖𝑌𝑗) =

𝜕

𝜕𝑥𝑖
(𝜌𝐷𝑖

𝜕𝑌𝑗

𝜕𝑥𝑖
) + 𝑅𝑗 + 𝑆𝑝,𝑌,𝑗 

 

(2.4) 

The coupling between radiation and energy equation is achieved at the boundaries of the domain. The 195 

incident heat flux is defined as: 196 

𝑞𝑖𝑛 = ∫ 𝐼𝑖𝑛𝑠 ⋅ 𝑛̂𝑑Ω  
 

(2.5) 

Subsequently, the incident heat flux in Eq. (2.5) is added to the energy equation to the component 𝑆𝑟𝑎𝑑. 197 

Radiation was modeled with the discrete ordinate method [60] solving additional transport equations for 198 

radiation intensity in eight beam directions. Incident radiation was defined as an integral of the radiation 199 

intensity over the solid angle. Particle emissivity was assumed as 0.9 200 

 201 

 202 

 203 

2.2.2 Particle phase  204 

Particle dynamics are modeled using a Lagrangian formulation where equations for trajectory, velocity, 205 

mass, and temperature are solved.  206 

As regards particle phase conservation equations, the mass balance equation is as follows: 207 

𝑑𝑚𝑝

𝑑𝑡
=

𝑑𝑚𝐶−𝑂2

𝑑𝑡
+

𝑑𝑚𝐶−𝐶𝑂2

𝑑𝑡
+

𝑑𝑚𝐶−𝐻2𝑂

𝑑𝑡
+

𝑑𝑚𝑑𝑒𝑣𝑜𝑙

𝑑𝑡
+

𝑑𝑚𝑒𝑣𝑎𝑝

𝑑𝑡
 

 

(2.6) 

Assessment of biomass ignition potential and behavior using a cost-effective CFD approach

8



 
 

Where the change of mass of a particle is equal to the change of mass due to evaporation, 208 

devolatilization and surface reactions. 209 

The trajectories of the particles were computed by integrating the momentum equation: 210 

𝑑𝑣𝑝

𝑑𝑡
= 𝐹𝐷 + 𝐹𝑔  

 

(2.7) 

Where 𝐹𝐷 and 𝐹𝑔  are the drag and gravity forces per unit particle mass. The final form of the equation 211 

is as follows: 212 

𝑑𝑣𝑝

𝑑𝑡
=

18𝜇

𝜌𝑝𝑑𝑝
2

⋅
𝐶𝐷

24
⋅

𝜌𝑑𝑝|𝑣 − 𝑣𝑝|

𝜇
(𝑣 − 𝑣𝑝) +

𝑔(𝜌𝑝 − 𝜌)

𝜌𝑝
 

 

(2.8) 

Heat transfer to the particle considers contributions from convection, radiation and the heat 213 

consumed/released during e.g. inert heating, surface reactions or vaporization.  214 

𝑚𝑝𝑐𝑝

𝑑𝑇𝑝

𝑑𝑡
= ℎ𝑝𝐴0(𝑇 − 𝑇𝑝) +

𝜖𝑝𝐴0

4
(𝐺 − 4𝜎𝑇𝑝

4) + 𝑄𝐺 

 

(2.9) 

 215 

The heat transfer coefficient is evaluated using the Ranz and Marshall correlation [63]. 216 

𝑁𝑢 =
ℎ𝑑𝑝

𝑘
= 2 + 0.6𝑅𝑒0.5𝑃𝑟0.33 

 

(2.10) 

Heat from surface reactions 𝑄𝐺 is defined in the following way: 217 

𝑄𝐺 =
𝑑𝑚𝐶−𝑂2

𝑑𝑡
𝐻𝐶−𝑂2

+
𝑑𝑚𝐶−𝐶𝑂2

𝑑𝑡
𝐻𝐶−𝐶𝑂2

+
𝑑𝑚𝐶−𝐻2𝑂

𝑑𝑡
𝐻𝐶−𝐻2𝑂 

 

(2.11) 

During vaporization heat 𝑄𝐺 is defined as follows: 218 

𝑄𝐺 = −
𝑑𝑚𝑝

𝑑𝑡
ℎ𝑓𝑔 

 

(2.12) 

During inert heating, the 𝑄𝐺 term is not present. 219 

As regards the heat of biomass pyrolysis 𝑄𝐺 , this quantity depends strongly on feedstock type, 220 

temperature ranges, and the extent of secondary reactions. As a result, accurate characterization of it 221 

is difficult [64]. In fact, various inconsistent results have been reported ranging from exothermic to 222 

endothermic values [64,65]. In our research, the application of heat of pyrolysis did not affect the 223 
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temperature field nor the ignition delay. As a result, it has been assumed that devolatilization neither 224 

consumes nor releases the heat of pyrolysis.  225 

As regards the coupling between gas and the discrete phase, the particle-source-in-cell method [66] 226 

is applied to evaluate the source terms that model the interactions between the gas and solid phases. 227 

These inter-phase terms are denoted by 𝑆𝑝,𝑚, 𝑆𝑝,𝑚𝑜𝑚, 𝑆𝑝,ℎ and 𝑆𝑝,𝑌,𝑗. Two-way coupling is used. 228 

The inter-phase mass source term is expressed as: 229 

𝑆𝑝,𝑚 =
1

𝑉𝑐𝑒𝑙𝑙
∑

𝑑𝑚𝑝,𝑖

𝑑𝑡

𝑁𝑝

𝑖=1

=
1

𝑉𝑐𝑒𝑙𝑙
∑ (

𝑑𝑚𝑝,𝑖

𝑑𝑡
)

𝐸𝑣

+ (
𝑑𝑚𝑝,𝑖

𝑑𝑡
)

𝐷𝑒𝑣

+ (
𝑑𝑚𝑝,𝑖

𝑑𝑡
)

𝐻𝑒𝑡
𝑁𝑝

𝑖=1

  

 

(2.13) 

The mass change between the cell exit and the cell entry appears in the continuity equation and as 230 

a source of chemical species: 𝑆𝑝,𝑌,𝑗 . The mass change is due to evaporation, devolatilization and 231 

heterogeneous reactions.  232 

 233 

The inter-phase momentum exchange source is calculated by summing the change in momentum 234 

of each particle passing through a control volume: 235 

𝑆𝑝,𝑚𝑜𝑚 =
1

𝑉𝑐𝑒𝑙𝑙
∑ 𝐹𝐷,𝑖Δ𝑚𝑝,𝑖

𝑁𝑝

𝑖=1

  

 

(2.14) 

The inter-phase energy exchange source is defined as: 236 

𝑆𝑝,ℎ =
1

𝑉𝑐𝑒𝑙𝑙
(∑

1

𝛥𝑡
Δ𝑚𝑝,𝑖(−𝛥ℎ𝑒𝑣𝑎𝑝 + 𝛥ℎℎ𝑒𝑡)

𝑁𝑝

𝑖=1

− ∑
1

𝛥𝑡
(𝑚𝑝,𝑖,𝑜𝑢𝑡 ∫ 𝑐𝑝𝑑𝑇 − 𝑚𝑝,𝑖,𝑖𝑛 ∫ 𝑐𝑝𝑑𝑇

𝑇𝑝,𝑖𝑛

𝑇𝑟𝑒𝑓

𝑇𝑝,𝑜𝑢𝑡

𝑇𝑟𝑒𝑓

)

𝑁𝑝

𝑖=1

) 

 

(2.15) 

      237 

2.2.3 Particle combustion modeling 238 

In general, during the solid fuel conversion process, the particle phase continuously interacts with the 239 

gas phase. The gas-phase chemistry was considered by applying a detailed GRI-Mech 3.0 mechanism 240 

[39]. The radical reaction approach provides the formation rate of species, such as CH or OH, which 241 

have been widely employed as representatives of ignition indicators. As for the particle phase, because 242 

numerous studies have proven that the effect of char conversion on homogeneous ignition is negligible 243 

[55,67–69], in this research, so as not to substantially affect the computational effort, the basic kinetic-244 
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diffusion model is applied [70]. The model was commonly used in both combustion and gasification 245 

studies providing reasonable results [45].  246 

The char conversion model is structured as follows: 247 

Diffusion rate coefficient for the reaction i is given by: 248 

𝐷0,𝑖 = 𝐶1

[
𝑇𝑝 + 𝑇

2 ]
0.75

𝑑𝑝

 

(2.16) 

The kinetic rate of reaction r is defined as: 249 

𝑅𝑘𝑖𝑛,𝑖 = 𝐴𝑇𝑝
𝛽

𝑒𝑥𝑝 (−
𝐸

𝑅𝑇𝑝
) 

(2.17) 

When the reaction order is equal to one, the char consumption rate takes the following form: 250 

𝑅𝑗,𝑖 =
𝐴𝑝𝜂𝑖𝑌𝑗𝑝𝑛

1
𝐷0

+
1

𝑅𝑘𝑖𝑛

 
(2.18) 

One of the key parts of the investigation considers devolatilization as it is critical in homogeneous 251 

ignition. In this research, two approaches were employed, namely the Ranzi’s mechanism, and the 252 

competing two-step reaction mechanism (C2SM). The Ranzi’s model is based on the decomposition of 253 

biomass components, with an assumption of the decomposition products being the superposition of 254 

decomposition of lignin, cellulose, cellulose, including the contribution of extractives (tannins, 255 

triglycerides). The scheme consists of more than 40 reactions and 30 species representing the gas and 256 

tar species yield. On the other hand, the C2SM model is a global approach that is based on two parallel 257 

reactions competing at different heating rates and producing volatiles and a carbonized residue. The 258 

two reactions are as follows:  259 

𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑘1
→ (1 − 𝛼1)𝑐ℎ𝑎𝑟 + 𝛼1𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 

(2.19) 

𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝑘2
→ (1 − 𝛼2)𝑐ℎ𝑎𝑟 + 𝛼2𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒𝑠 

(2.20) 

 260 

The volatile yield is expressed through 2.21 [71]: 261 
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𝑉 = ∫ (𝛼1𝑘1(𝜏) + 𝛼2𝑘2(𝜏)) 𝑒𝑥𝑝 (− ∫ (𝑘1(𝑇) + 𝑘2(𝑇))𝑑𝑇
𝜏

0

) 𝑑𝜏
𝑡

0

 

(2.21) 

 262 

In order not to affect the computational cost, the Ranzi’s mechanism was used independently of CFD 263 

as a stand-alone model. But its results regarding the volatile yield and the volatiles release rate were 264 

incorporated into the C2SM through an optimization procedure [46,49] – Fig. 1. The evaluation of kinetic 265 

parameters is carried out through the minimization of the below objective function: 266 

𝑂𝐹(𝐴, 𝐸, 𝛼1, 𝛼2) =
∑ (𝑌𝑖,𝑗

𝑅𝑎𝑛𝑧𝑖 − 𝑌𝑖,𝑗
𝐶2𝑆𝑀(𝐴, 𝐸, 𝛼1, 𝛼2))

2𝑁𝑡,𝑗

𝑗=1

𝑁𝑡,𝑖 (𝑚𝑎𝑥(𝑌𝑖,𝑗
𝑅𝑎𝑛𝑧𝑖))

2  (2.22) 

where: 𝑌𝑅𝑎𝑛𝑧𝑖 is the volatile yield from the Ranzi’s mechanism, 𝑌𝐶2𝑆𝑀 is the volatile yield from the C2SM 267 

model obtained from Eq. (2.21) and 𝑁𝑡,𝑗 is the number of discrete time steps. Solution is obtained based 268 

on Levenberg-Marquardt fitting routine. The results from the optimization procedure will be discussed in 269 

detail in Section 3: Results and Discussion. 270 

 271 

 272 

Fig. 1 Optimization procedure of C2SM model based on Ranzi’s mechanism. 273 

 274 
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As regards the volatile matter, it was accounted for as a mixture of light gases and heavy hydrocarbons, 275 

which are released with a constant ratio during devolatilization. this assumption is not very accurate as, 276 

e.g., the release of tars takes place at lower temperatures, while light gases are released at higher 277 

temperatures. However, considering that the process was performed in high-heating rate conditions, 278 

with an equivalence ratio lower than 1, this assumption is feasible. In the real process, volatile matter 279 

yield is strongly dependent on the particle’s heating rate. The higher the rate, the higher the yield of 280 

volatiles. The actual value of the volatile matter yield in given conditions compared to the volatile yield 281 

obtained from the proximate analysis is defined by the Q-factor. In this research, it is assumed that the 282 

fraction of volatiles in particles is constant, and it is defined a priori. As a result, the Q-factor is fixed and 283 

does not change during devolatilization. Since the focus of this study is ignition and the early phase of 284 

volatiles combustion, this assumption is believed acceptable.  285 

The core idea of the iterative optimization procedure is illustrated in Fig. 1. It involves the following steps: 286 

at first, a CFD simulation is performed with literature-taken kinetic parameters. The procedure utilizes a 287 

particle heating rate from the CFD, which is expressed as a devolatilization-time-averaged heating rate, 288 

which is calculated as a ratio of the total change in temperature during the devolatilization process to its 289 

time of duration. Subsequently, based on biomass fuel properties, the detailed Ranzi’s devolatilization 290 

mechanism predicts the rate of production and high-temperature yields of char, tar, volatiles, and their 291 

composition during devolatilization for the just calculated particle heating rate. In the subsequent step, 292 

the second CFD simulation is performed with optimized kinetic parameters for global models. The 293 

optimization is carried out through the minimization of the objective function – Eq. 2.22.  294 

 295 

 296 

The overall structure of the CFD model is shown schematically in Fig. 2. For simplicity, the optimization 297 

procedure of devolatilization discussed just before was not included in this figure. 298 
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 299 

Fig. 2 CFD model 300 

 301 

2.2.4 Material and Methodology 302 

 303 

The CFD modeling was based on the experimental set-up described in detail in refs. [6,13,72]. A 304 

McKenna flat flame burner was the subject of investigation. A CH4/air premixed flame produced a hot 305 

gas environment for the single particle biomass combustion. Biomass particle was transported by N2 to 306 

the hot gas environment produced by the McKenna burner – Fig. 3. Ignition delay was studied 307 

experimentally at five reactor temperatures (1500, 1575, 1650, 1700, and 1800K) using a single particle 308 

combustion system where two particle size groups were investigated, 80-90 µm and 224-250 µm 309 

respectively. In their experiments, a CMOS high-speed camera was used to continuously record the 310 

ignition events. In this study, the investigation considered two fuels - pine bark and wheat straw that 311 

were studied in the reference experimental work. Their properties are presented in Table 1. It is worth 312 
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noting that pine bark has higher fixed carbon and moisture content and lower volatile matter content 313 

than wheat straw. Moreover, pine bark has a lower oxygen content than wheat straw.  314 

 315 

Fig. 3 Schematic view of literature experiment [6,13] 316 

 317 

Table 1. Fuel properties and operating reactor conditions 318 

 Pine 

bark 

[13] 

Wheat 

straw 

[13] 

C, daf 47.8 41.1 

H, daf 4.3 5.3 

O, daf 47.6 52.9 

N, daf 0.3 0.7 

S, daf 0 0 

Volatile matter, ar 58.9 64.9 

Fixed carbon, ar 25.9 11.5 

Moisture, ar 13.9 8.9 

Ash, ar 1.3 14.7 

Temperature range 

[K] for reported 

Ignition tests  

1500 

-1800 

[13] 

1500 

-1800 

[13] 
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Particle size (µm) 80-230 80-230 

Equivalence ratio [-] 0.7 0.7 

LHV (MJ/kg) 17.1 13 

Density (kg/m3) 900 1100 

 319 

3. Results and discussion 320 

 321 

3.1 Optimization of devolatilization model 322 

Fig. 4 depicts the volatile yield obtained from Ranzi’s mechanism and the yields obtained from the C2SM 323 

with both optimized and non-optimized kinetic parameters. Both sets of kinetic parameters before and 324 

after optimization are shown in Table 2. By minimizing the objective function Eq. (2.17) one obtains 325 

specific mass stoichiometric fractions, pre-exponential factors, and activation energies for the C2SM 326 

model so that there is a minimum error between the volatile yield obtained by the Ranzi’s mechanism 327 

and the C2SM model. Ultimately, the goal is to mimic  the behavior of the Ranzi’s mechanism with C2SM 328 

as regards the devolatilization rate. With respect to volatile composition, the yields of CH4, CO, CO2, 329 

and H2O used in the CFD model are the same as predicted from the Ranzi’s model for the studied 330 

reactor temperatures and heating rates.  331 
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 332 

Fig. 4 Exemplary optimization of C2SM wheat straw volatile yield, based on the resultant species yield 333 

from Ranzi’s mechanism and the non-optimized model with literature parameters [73] 334 

 335 

Table 2. Kinetic parameters for optimized and non-optimized C2SM 336 

 Competing two-step reaction mechanism (C2SM) 

Parameters 𝛼1 𝛼2 𝐴1 𝐴2 𝐸1 𝐸2 

 (-) (-) (1/s) (1/s) (J/kmol) (J/kmol) 

Non-optimized 

[60] 
0.3 1 2 ⋅ 105 1.3 ⋅ 107 1.046 ⋅ 108 1.67 ⋅ 108 

Optimized 0.5 0.752 100.2 6.465 ⋅ 106 1.137 ⋅ 108 1.192 ⋅ 108 

 337 

Table 3, on the other hand, illustrates the exemplary volatile composition of pine bark and wheat straw 338 

that was obtained from the Ranzi’s mechanism and which was further utilized in the CFD calculations 339 

for a temperature of 1500K and 1800K. One can observe that for the given fuel, but for higher 340 

temperatures, one obtains, more CO, less CO2, and much more H2 indicating that those volatiles at 341 

higher temperatures will ignite faster. As regards the fuels, the key difference considers the amount of 342 
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H2O indicating that wheat straw will most probably ignite faster. The exact ignition delay results will be 343 

presented in Section 3.2. 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

Table 3. Exemplary volatile composition for pine bark and wheat straw for 1500K and 1800K 354 

 Pine bark – 

1500K 

Pine bark – 

1800K 

Wheat straw (WS) – 

1500K 

Wheat straw (WS) 

– 1800K 

Species Mole fraction 

[%] 

Mole fraction 

[%] 

Mole fraction [%] Mole fraction [%] 

CO 18 19 17 18.9 

CO2 8.7 7.4 9.6 8.5 

H2O 38.4 38.5 33.7 32.9 

H2 0.8 5.4 0.9 6.2 

CH4 3 4.6 2.3 4.2 

C2H4 5.8 6.7 4.4 5.4 

CH3OH 12.7 9.3 15.6 11.6 

CH2O 12.7 9.4 16.5 12.2 

 355 
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3.2 Comparison of ignition indicators for predicting biomass ignition delay 356 

 357 

The literature indicates that CH and OH radicals are the most commonly utilized species as ignition 358 

indicators for coal and biomass research [13,14,52,61]. However, there is still no common agreement 359 

as to which species yields the most accurate numerical ignition data with respect to experimental 360 

measurements. In this research, both species were compared in terms of ignition prediction.  The results 361 

suggest that both radicals yield accurate results, although the OH species is more accurate at lower 362 

temperatures, whereas the CH species is more accurate at higher temperatures. Fig. 5 and Fig. 6 363 

present experimental ignition delays that were measured in [6,13,72] – “Exp” and CFD model results 364 

from this research for wheat straw and pine bark (fuels from Table 1) for particle size of 80 microns. One 365 

can observe that for temperatures 1500 and 1570K, OH radical reproduces the experimental ignition 366 

delay results more accurately, whereas for temperatures 1650, 1700, and 1800K, CH radical is in better 367 

agreement with the experiment than OH. Of course, the agreement is not extreme and a slight 368 

discrepancy between the model and the experiment can be a result of the model simplifications. First of 369 

all, the simulation is steady-state, and two-dimensional. The transient effects are not fully accounted for. 370 

The particles are homogeneous spheres, whereas those in the experiment were slightly elongated with 371 

an aspect ratio higher than 1. Moreover, the CFD model considers in this case one specific particle size 372 

which is 80 microns. In the experiment, the particle size was in the range of 80-90 microns so the exact 373 

size was not known. However considering the relatively low-cost CFD model, the obtained agreement 374 

is reasonable. 375 

 376 

 377 

 378 
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 379 

 380 

Fig. 5 Ignition delays of wheat straw measured as peaks in CH, OH, mass fractions with respect to 381 

experimental data [13] for 1500-1800K. 382 
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 383 

 384 

 385 

Fig. 6 Ignition delays of pine bark measured as peaks in CH, OH, mass fractions with respect to 386 

experimental data [13] for 1500-1800K. 387 
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 388 

Fig. 7 illustrates the trend in ignition delay predictions by the CFD model from Fig. 5 and Fig. 6 but at a 389 

wider range of temperatures with OH and CH as ignition indicators. It is clear that the obtained trends 390 

for both CH and OH are reasonable and are close to the experimental values. Eventually, the research 391 

results suggest that in order to improve the accuracy of ignition delay evaluation, it is advisable to utilize 392 

both species as ignition indicators. 393 

 394 

Fig. 7 Ignition delays of pine bark and wheat straw measured as peaks in OH and CH, mass fractions 395 

with respect to experimental data [13] for 1500-1800K. 396 

 397 

 398 

3.3 Impact of particle size 399 

Particle size is known to have a significant impact on the ignition delay [6,13]. However, its quantitative 400 

description has been so far challenging. The developed CFD approach has the capability of correctly 401 

predicting the effect of particle size on the ignition delay. Fig. 8 illustrates experimental [13] and CFD 402 

results of ignition delay of pine bark for reactor temperature of 1500 K and particle sizes of 80, 90, and 403 

230 microns using OH as ignition indicator. One can observe an increasing ignition delay trend with 404 

increasing particle sizes for 80, 90, and 230 microns, respectively. Eventually, the numerical ignition 405 

delay of pine bark particle size 230 microns is confronted with experimentally measured ignition delay. 406 
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A reasonable agreement can be noticed between the model and the experiment. The difference is equal 407 

to 5.8 ms which is less than 20% of the experimentally obtained delay. 408 

 409 

Fig. 8 Numerical ignition delays of pine bark for reactor temperature 1500K and for particle sizes of 80, 410 

90, and 230 microns and experimental of particle size 230 microns [13] 411 

 412 

3.4 Impact of moisture 413 

Apart from particle size, the moisture content is the second key property that has an impact on ignition 414 

[13,61]. Biomass fuels tend to have high amount of moisture which reduces the gas temperature 415 

eventually affecting the initial particle heating rate and ignition. For example, for particle sizes larger 416 

than 250 microns, the drying time was found to be the controlling parameter in ignition delay time 417 

indicating an overlap between drying and devolatilization [74]. For high moisture content fuels, which 418 

are of pulverized size, even if the sequentiality of such processes as inert heating, evaporation, and 419 

devolatilization in numerical modeling is assumed, drying can still be the key step in the ignition onset 420 
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evaluation [74]. Fig. 9 presents the particle temperature of pine bark for a reactor temperature of 1500K 421 

for four moisture contents: 2%, 10%, 15%, and 20%. A considerable effect of moisture content on the 422 

particle temperature can be noticed. At 10 ms, particle temperature for a 20% moisture-content particle 423 

is less than 373K, while for a 2% moisture-content particle it is around 600K. As a result, moisture 424 

content has a key effect on ignition which can be seen in Fig. 9 where CFD modeling results of ignition 425 

characteristics are confronted. Based on Figs. 9 and 10, ignition temperatures are in the range of 600 – 426 

800K. Fig. 11 illustrates volatile evolution with respect to time. Although the rate of release is almost the 427 

same for each moisture-content biomass fuel, it is the onset of devolatilization that differs in each case.  428 

 429 

 430 

Fig. 9 Particle temperature for pine bark for reactor temperature 1500K for particle size 80 microns 431 
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 432 

 433 

Fig. 10 Ignition delay of pine bark for reactor temperature 1500K, particle size 80 microns for four 434 

moisture contents (2%, 10%, 15%, 20%) 435 

 436 

 437 
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Fig. 11 Volatile release of pine bark for reactor temperature 1500K, particle size 80 microns for four 438 

moisture contents (2%, 10%, 15%, 20%). 439 

 440 

4. Conclusions 441 

 The focus of the current research was to establish a cost-effective CFD model that could 442 

reasonably and relatively fast determine the ignition delay of different biomass fuels. The following 443 

conclusions can be drawn from the paper: 444 

• The established CFD model reasonably predicted the ignition delay of pine bark and wheat 445 

straw for all investigated reactor temperatures (1500K, 1570K, 1600K, 1700K, 1800K) for 446 

different particle sizes (80 µm, 230 µm) 447 

• It was observed that OH radicals used as an ignition indicator provided better accuracy of 448 

ignition delay for lower reactor temperatures (1500K, 1570K), whereas CH radicals were in 449 

better agreement with the experiment for higher reactor temperatures (1600K, 1700K, 1800K). 450 

• The model reasonably predicted the increase in ignition delay for biomass particles with a higher 451 

moisture content although no experimental results were available to confront it. 452 

Biomass ignition properties are critical with respect to fuel processing, safety issues, reactor operation, 453 

and process efficiency. The established CFD model with the developed optimization procedure should 454 

be of utility when investigating pulverized biomass fuels that tend to ignite homogeneously in laminar 455 

flow conditions both experimentally and numerically. The key effect of CH and OH radical species that 456 

was observed in this study, should be further analyzed in different operating reactor conditions.  457 

Future work will be focused on the analysis of the effect of turbulence and the model upgrade to account 458 

for heterogeneous or hetero-homogeneous ignition modes. The role of CH and OH radical species will 459 

be further investigated. 460 
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